Background: Adenosine triphosphate-sensitive potassium (K ATP ) channels in brain are involved in neuroprotective mechanisms. Pharmacologic activation of these channels is seen as beneficial, but clinical exploitation by using classic K ϩ channel openers is hampered by their inability to cross the blood-brain barrier. This is different with the inhalational anesthetic xenon, which recently has been suggested to activate K ATP channels; it partitions freely into the brain. Methods: To evaluate the type and mechanism of interaction of xenon with neuronal-type K ATP channels, these channels, consisting of Kir6.2 pore-forming subunits and sulfonylurea receptor-1 regulatory subunits, were expressed in HEK293 cells and whole cell, and excised patch-clamp recordings were performed. Results: Xenon, in contrast to classic K ATP channel openers, acted directly on the Kir6.2 subunit of the channel. It had no effect on the closely related, adenosine triphosphate (ATP)-regulated Kir1.1 channel and failed to activate an ATP-insensitive mutant version of Kir6.2. Furthermore, con-centration-inhibition curves for ATP obtained from inside-out patches in the absence or presence of 80% xenon revealed that xenon reduced the sensitivity of the K ATP channel to ATP. This was reflected in an approximately fourfold shift of the concentration causing half-maximal inhibition (IC 50 ) from 26 Ϯ 4 to 96 Ϯ 6 M. Conclusions: Xenon represents a novel K ATP channel opener that increases K ATP currents independently of the sulfonylurea receptor-1 subunit by reducing ATP inhibition of the channel. Through this action and by its ability to readily partition across the blood-brain barrier, xenon has considerable potential in clinical settings of neuronal injury, including stroke.
A DENOSINE triphosphate-sensitive K ϩ (K ATP ) channels are critical for many processes in which electrical activity has to match metabolic constraints. 1 Within the central nervous system, K ATP channels have been suggested to be key mediators in neuroprotective and preconditioning pathways. They are widely expressed in brain, 2 and recent studies have demonstrated that global genetic ablation of the pore-forming subunit Kir6.2 of the K ATP channel increases neuronal vulnerability to acute hypoxia significantly, 3 thus suggesting that K ATP channel opening in brain has a protective effect during hypoxia-ischemia equivalent to that observed for cardiac tissue. 4, 5 In support of this concept, transgenic overexpression of the regulatory subunit of the channel, the sulfonylurea receptor (SUR)-1, in the forebrain of mice improved their resistance to kainic acid-induced seizures. 6 These studies highlight the beneficial effects of K ATP channel opening for neuronal survival under pathophysiologic conditions and suggest that this protective potential should be explored under clinical conditions. Current K ATP channel openers such as diazoxide, pinacidil, and nicorandil are used clinically to suppress inappropriate release of insulin or to treat angina or hypertension, 7, 8 but poor penetration of the blood-brain barrier has limited their use as neuroprotectants; although some beneficial effect is seen in vivo, presumably attributable to their vasodilatory action on cranial vasculature. 9 The search for novel K ATP channel openers led us to explore inhalational anesthetics. These drugs easily partition across the blood-brain barrier, and some of them have neuroprotective and preconditioning properties. 10 One of the most promising anesthetics in this respect is the noble gas xenon. 11 In fact, we have recently demonstrated that the preconditioning action of xenon in vitro requires functional K ATP channels; however, it remained unclear whether xenon interacts directly with the channel and how its action relates to that of classic K ATP channel openers. 12 In this study, we intended to analyze the effect of xenon on K ATP channels in detail. We hypothesize that xenon interacts with K ATP channels directly, and we aim to determine whether xenon acts on the pore-forming Kir6.2 subunit or the SUR subunit. We also postulate that xenon might activate the channel by interfering with adenosine triphosphate (ATP) inhibition.
Materials and Methods

Mutagenesis and Transfection
HEK293 cells were cultured and transiently transfected as described previously. 12 For most experiments, cells were transfected with pcDNA3 containing green fluorescent protein, mouse Kir6.2 (wild-type or mutant Kir6.2-K185Q), and rat SUR1. Additional experiments were performed on cells transfected with green fluorescent protein and Kir6.2⌬C26 or green fluorescent protein and rat Kir1.1 (in pcDNA6). Kir6.2-K185Q was generated by site-directed mutagenesis using standard techniques (QuikChange system; Stratagene, Agilent Technologies UK Ltd., Stockport, Cheshire, United Kingdom) and verified by direct sequencing. Cells were incubated in a humidified incubator at 37°C for 24 -96 h before use.
Solutions
Stock solutions of tolbutamide (50 mM) and diazoxide (20 mM) were prepared in 100 mM NaOH. Solutions for the xenon experiments were prepared by bubbling with pure gases (xenon, nitrogen, and oxygen) at a rate of 30 ml/min for 20 min, producing saturated solutions for the individual gases. 13 The test solutions with fractional gas concentrations were then obtained by mixing adequate volumes of the individual solutions with maintaining 20% oxygen-saturated solution and the balance (80%) being made up by varying amounts of nitrogen-and xenon-saturated solutions. Immediately after mixing, these solutions were transferred to glass syringe barrels containing a polypropylene float. 13 All other drugs were added directly to the experimental solutions. Xenon was obtained from Air Products (Basingstoke, Hampshire, United Kingdom), and nitrogen and oxygen were from BOC Gases (Guildford, Surrey, United Kingdom). All other chemicals were from Sigma (Poole, Dorset, United Kingdom).
Electrophysiology
Electrophysiologic recordings were performed on cells that exhibited green fluorescent protein fluorescence. Cells were held at 20°-24°C and constantly superfused at 3-5 ml/min of either extracellular solution containing (in millimolar): 118 NaCl, 3 KCl, 1 MgCl 2 , 1.5 CaCl 2 , 25 HEPES (pH adjusted to 7.4 with NaOH) for whole cell recordings or solution containing (in mM): 107 KCl, 2 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 HEPES (pH 7.2 with KOH; final [K ϩ ] ϳ140 mM) for inside-out macropatches. For magnesium-free conditions, EGTA was replaced with EDTA and MgCl 2 was omitted.
Patch pipettes were pulled from thin-walled borosilicate glass (GC150TF; Harvard Apparatus, Edenbridge, United Kingdom) and had resistances of 3-5 M⍀ when filled with pipette solution. Currents were recorded with an EPC9 patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany). For whole cell recordings, the pipette solution contained (in millimolar) 120 KCl, 1 NaOH, 1 MgCl 2 , 1 CaCl 2 , 5 EGTA, 5 HEPES, and 0.3 K 2 ATP (pH adjusted to 7.3 with KOH; final [K ϩ ] ϳ140 mM). Currents were recorded during 700-ms hyperpolarizing voltage ramps from Ϫ20 to Ϫ120 mV every 15 s. For inside-out macropatches, the pipette (external) solution contained (in millimolar) 140 KCl, 1.2 MgCl 2 , 2.6 CaCl 2 , and 10 HEPES (pH 7.4 with KOH), and currents were recorded in response to 700-ms voltage ramps from Ϫ110 to ϩ100 mV. Rapid exchange of solutions was achieved by positioning the patch in the mouth of one of a series of adjacent inflow pipes placed in the bath. Recordings were filtered at 1 kHz, digitized at 3 kHz, and analyzed using Pulse/Pulsefit software (HEKA Elektronik).
Data Analysis
The slope conductance was measured by fitting a straight line to the current-voltage relationship between Ϫ20 and Ϫ100 mV: the average of five consecutive ramps was calculated in each solution. ATP concentration-inhibition curves for Kir6.2/SUR1 currents were fit to the modified Hill equation:
where G is the conductance in the presence of ATP, G c is the conductance in the absence of ATP, [ATP] is the ATP concentration, IC 50 is the ATP concentration at which inhibition is half maximal, and h is the Hill coefficient (slope factor). Fits were obtained using Origin Pro software (Origin Lab Corporation, Northampton, MA). Statistical analysis was performed using Origin Pro software. All data were expressed as mean Ϯ SEM. To test for differences between groups, two-tailed unpaired t test or oneway ANOVA followed by Tukey multiple comparison test were used as appropriate. A P value of less than 0.05 was considered significant.
Results
Xenon Enhances K ATP Currents in Intact Cells
Whole cell recordings were performed on HEK293 cells transiently transfected with Kir6.2 and SUR1. These cells exhibited a large-standing outward current at a holding potential of Ϫ20 mV, a zero-current potential of approximately Ϫ75 mV, and sensitivity to tolbutamide, consistent with the expression of K ATP channels ( fig. 1 ). Xenon was applied at a concentration of 80%, which achieves anesthesia in humans. 14 At this concentration, xenon increased the outward current by 49 Ϯ 8% (n ϭ 7) compared with control (80% N 2 ; figs. 1A, B, F). The reversal potential of this current (fig. 1B) indicated it to be a K ϩ current. Furthermore, 80% xenon had no effect when the current was preblocked with 0.1 mM tolbutamide (n ϭ 7) or in untransfected HEK293 cells (n ϭ 6; figs. 1A, D, F). These results strongly suggest that the xenon-induced K ϩ current was mediated by Kir6.2/SUR1 channels. For comparison, diazoxide, the traditional K ATP channel opener, was also tested. As expected, diazoxide increased the whole cell Kir6.2/SUR1 current concentration dependently (figs. 1E, F).
K ATP Channel Activation by Xenon Is Independent of the SUR Subunit
To probe which subunit of the K ATP channel is critical for xenon activation, we investigated the effect of xenon on the pore-forming subunit of the K ATP channel alone. This was achieved by using Kir6.2⌬C26, a truncated version of Kir6.2 lacking the C-terminal 26 amino acid residues. Kir6.2⌬C26 forms functional channels without the need to assemble with SUR1. 15 Xenon increased Kir6.2⌬C26 currents to the same 2B ). These results provided evidence that xenon activates K ATP channels mainly through its interaction with the Kir6.2 subunit.
Xenon Does Not Enhance the Activity of Kir1.1 Channels
Next, we tested whether xenon also activates other inward rectifier K ϩ channels that are not highly ATP sensitive. Experiments were performed with Kir1.1, which shares 36% sequence identity with Kir6.2 and is the only inward rectifier outside the Kir6.x subfamily that has been reported to be ATP regulated, albeit in the millimolar range. 16, 17 Whole cell Kir1.1 current amplitude at Ϫ20 mV was 672 Ϯ 96 pA (n ϭ 8), and 80% xenon had no significant effect: the am-plitude decreased by 4 Ϯ 9% (n ϭ 4; fig. 2B ). As expected, Kir1.1 was not inhibited by 0.1 mM tolbutamide either (1 Ϯ 1% inhibition; n ϭ 5) but was sensitive to 1 mM BaCl 2 (80 Ϯ 6% inhibition; n ϭ 4; fig. 2B ) as described previously. 16 These results suggested that the activation of K ϩ currents is not a nonspecific effect seen with all inward-rectifier K ϩ channels.
Xenon Activation Is Abolished in ATP-Insensitive Kir6.2 Mutant
The hallmark feature that distinguishes Kir6.x channels from other inward rectifiers is their strong inhibition by adenine nucleotides. To test the hypothesis that xenon activation is related to ATP inhibition, we explored the effects of xenon on a mutant Kir6.2 (Kir6.2-K185Q), 15 which is ATP insensitive, because the interaction of the channel with the ␤-phosphate of ATP is disrupted. 18 This mutant was chosen because it not only disrupts ATP inhibition but also leaves the intrinsic open probability of the channel virtually unchanged, thus excluding changes in ligand sensitivity secondary to intrinsic gating. 19, 20 When coexpressed with SUR1, this channel exhibited large whole cell currents, but addition of 80% xenon had no further significant effect (107 Ϯ 3% of control; n ϭ 6; figs. 2B, C). In contrast, diazoxide enhanced (n ϭ 4) and tolbutamide inhibited (n ϭ 5) these whole cell currents (figs. 2B, C).
Xenon Activates K ATP Currents in Inside-out Macropatches
The results thus far indicate that SUR1 is not essential for xenon activation, activation is not universal between inwardly rectifying K ϩ channels, and xenon activation requires the integrity of ATP inhibition to stimulate K ATP currents. However, these results do not exclude the possibility that xenon exerts its effect indirectly by altering the ATP concentration within the cell. Consequently, inside-out patchclamp recordings were used to (A) separate the channels from cell metabolism and (B) to allow exposure to defined ATP concentrations to further explore the relationship between ATP inhibition and xenon activation of K ATP currents. Figure 3A shows typical current-voltage relationships for Kir6.2/SUR1 currents in inside-out macropatches. The wild-type Kir6.2/SUR1 current was highly sensitive to ATP, with 50 M ATP inhibiting the current by approximately 70% and 1 mM ATP causing virtually complete inhibition. In contrast, Kir6.2-K185Q/SUR1 currents were not reduced by 50 M or 1 mM ATP ( fig. 3B ). However, both wild-type and mutant channels were sensitive to tolbutamide (figs. 3B-D). In line with earlier observations, tolbutamide inhibition was less pronounced in excised patches compared with whole cell recording conditions. 21, 22 Similar to the observation in whole cell recordings, xenon enhanced Kir6.2/SUR1 currents but not mutant Kir6.2-K185Q/SUR1 currents ( fig. 4 ). This discrepancy remained at various ATP concentrations ( fig. 4C ). In the presence of 50 -1000 M ATP, xenon enhanced Kir6.2/SUR1 currents Plotted is the mean holding current at Ϫ20 mV every 15 s. Note the enhanced rundown compared with channels containing the SUR1 subunit. 15, 19 Dashed line is approximation of slower phase of rundown. (B) Mean data from recordings performed on Kir6.2⌬C26, Kir1.1, and K185Q/SUR1 currents summarizing the effects of activators and inhibitors of these channels. Expressed is the holding current at Ϫ20 mV in the presence of the drug as a fraction of the current in the absence of the drug. Note the lack of effect of tolbutamide (Tb) and diazoxide (Dz) on Kir6.2⌬C26 currents. (C) Whole cell Kir6.2-K185Q/SUR1 current is sensitive to tolbutamide but not xenon. Numbers (N) are given above the bars. *P Ͻ 0.05 compared with control. **P Ͻ 0.01 compared with control.
by more than 50% ( fig. 4A, C) . This is comparable to whole cell recordings where similar increases were achieved by xenon. In contrast, in the nominal absence of ATP, xenon increased the slope conductance of the Kir6.2/SUR1 current by approximately 20%, which is significantly less than that in the presence of 50 M or 1 mM ATP (P Ͻ 0.01; fig. 4C ). These results further support the hypothesis that xenon interferes with ATP inhibition of Kir6.2.
Finally, ATP concentration-response curves were obtained in the presence and absence of xenon ( fig. 5A, B) . These recordings were performed in magnesium-free solution to minimize the effect of the SUR subunit on ATP inhibition of K ATP currents. 25 Kir6.2/SUR1 currents were inhibited by ATP in a concentration-dependent manner. Figures 5A and B show that at each ATP concentration applied, the remaining current is larger in the presence of 80% xenon. ATP concentration-inhibition curves, obtained in the presence and absence of 80% xenon established that the IC 50 for ATP inhibition shifted from 26 Ϯ 4 M (n ϭ 5) in the absence to 96 Ϯ 6 M (n ϭ 6) in the presence of xenon ( fig. 5C ). These results demonstrate that xenon decreases the ATP sensitivity of the K ATP channel.
Discussion
Xenon, a Novel K-channel Opener
Our study demonstrates that the noble gas xenon acts as a K ATP channel opener, but unlike other K ATP channel openers, xenon works on the Kir6.2 pore-forming subunit of the K ATP channel. Xenon enhances K ATP currents when applied to either the outside or the inside of the plasma membrane. This is not surprising because, similar to other inhalational anesthetics, it easily penetrates biologic membranes. In fact, xenon is the first K ATP channel opener that readily partitions into the brain and is thus of great interest as a potential neuroprotectant.
Mechanisms of K ATP Channel Activation by Xenon
Xenon Activation Does Not Require the SUR Subunit of the K ATP Channel. Classic K ATP channel openers, such as diazoxide, require the SUR subunit to potentiate K ATP currents. In addition, activation by these drugs is abolished in the absence of Mg 2ϩ or when the nucleotide-binding domains of SUR are functionally disabled. 26 In contrast, xenon potentiated Kir6.2⌬C26 currents in the absence of SUR and did not require Mg 2ϩ . Furthermore, xenon was unable to activate an ATP-insensitive mutant of Kir6.2 even in the presence of SUR1, further supporting the notion that it is the poreforming Kir6.2 subunit and not the regulatory SUR subunit that is crucial for the effect of xenon. This again is different from the observations with diazoxide and further strengthens the conclusion that xenon is a novel K ATP channel opener. Xenon Activation Is Not Dependent on Intracellular Signaling Cascades or Metabolism. We have demonstrated that xenon enhances K ATP currents not only in intact cells but also in inside-out macropatches in which ATP concen- trations are dictated by the bath solution. These findings rule out that xenon exerts its effect indirectly via affecting cellular metabolism and thus intracellular ATP content. Rather, the data are highly suggestive of a direct effect of xenon on the channel, although membrane-delimited signaling cascades cannot be excluded. Xenon has been reported to activate selected two-pore-domain potassium channels. It activates TREK-1 but not TASK-3 expressed in intact HEK293 cells. 13 Similarly, in our study, it activated Kir6.2 but not the closely related ATP-regulated Kir1.1 channel. This argues that xenon activation is a highly specific property displayed only by few select channels and is not widely shared between inward rectifiers or even more generally between K ϩ channels. Molecular Mechanism of Xenon Enhancement of K ATP Currents. The most obvious difference between Kir6.2 and Kir1.1 is that the former, but not the latter, is inhibited by micromolar concentrations of ATP. 15, 27 Furthermore, we observed that xenon activation of K ATP currents in inside-out patches was more pronounced in the presence of ATP than in its nominal absence, and xenon shifted the K i for ATP inhibition to an approximately fourfold higher concentration. These observations would be consistent with xenon either interfering with ATP inhibition of the K ATP channel, potentially as a competitive antagonist, or simply requiring a preblocked channel to cause activation. However, because tolbutamide prevents xenon activation, the latter possibility is unlikely. To certify that xenon is a competitive ATP antagonist, measurements of the K i of ATP inhibition would be required over a large xenon concentration range. Given the concentration of xenon needed to achieve the effect described here, this is experimentally not feasible.
In support of the hypothesis that xenon interferes with ATP inhibition, it failed to enhance Kir6.2-K185Q/SUR1 currents both in intact cells and in inside-out patches. The residue K185 interacts with the ␤-phosphate of ATP and thus contributes to the ATP-binding site. 18, 28 This mutant has a significantly reduced ATP sensitivity but unchanged intrinsic open probability. 20 This is important because ligand binding to the K ATP channel tends to be state dependent. 19, 29, 30 A number of additional residues have been shown to contribute to the ATP-binding site on Kir6.2 by interacting with the adenine and ribose ring of ATP, but these were not tested with xenon because they have a more profound effect on intrinsic open probability. 28 With the available data, we cannot distinguish whether xenon activation is lost in the mutant channel because K185 forms part of the xenon interaction site or whether lack of ATP inhibition simply prevented xenon enhancement. In any case, it is clear that xenon works differently from other K ATP channel openers, as diazoxide activation remains unchanged by the K185Q mutation.
On first sight, xenon activation is reminiscent of phospholipid activation of the K ATP channel. 31, 32 Activation by PIP 2 also reduces ATP sensitivity, and the phospholipid-binding site has been located close to the ATP-binding site on Kir6.2. [31] [32] [33] However, PIP 2 activation is not precluded by tolbutamide; on the contrary, PIP 2 decreases the efficacy of tolbutamide and other sulfonylureas. 30, 34 Furthermore, phospholipid activation is common among inward rectifiers. 35 Thus, xenon activation seems to be different, although a definite answer would require crystallization of the channel in the presence of xenon (and ATP).
Summary and Potential Clinical Implications
Most importantly, we have demonstrated that xenon is a novel K ATP channel opener. It is the first K ATP channel opener that readily crosses the blood-brain barrier, thus providing a neuroprotective effect in addition to enhancing cerebral blood flow. 36 Second, it is safe to use. Years of research into its potential as an anesthetic agent has shown that it has a benign side effect profile. 11 Furthermore, the fact that the sulfonylurea tolbutamide prevents its actions suggests that xenon can be used by diabetic patients because it does not interfere with the channel-blocking capabilities of tolbutamide, and hence, a reduced efficacy of sulfonylureas in terms of insulin release is not expected. However, even diabetic patients are likely to retain the neuroprotective benefits of xenon because sulfonylureas do not easily partition into the brain. Finally, in addition to the acute neuroprotection afforded by opening of K ATP channels, xenon has also been demonstrated to act as a lasting neuroprotectant in a preconditioning paradigm. 37 We have recently provided evidence that this preconditioning effect of xenon is also critically dependent on the opening of K ATP channels. 12 Here, xenon is different from other inhalational anesthetics because in that study we found only xenon to be capable of inducing neuronal preconditioning through a K ATP channel-dependent mechanism. In contrast, we demonstrated that halothane, isoflurane, and sevoflurane are weak K ATP channel inhibitors. 12 This leaves the preconditioning effect exerted by these compounds unlikely to be mediated by K ATP channel opening. This conclusion was substantiated by our finding that sevoflurane preconditioned neuronal-glial cell cocultures in a K ATP channel-independent fashion. 12 We conclude that xenon could be applied successfully in patients with increased risk of stroke and that it might be a promising drug for neuroprotection in high-risk patients, both perioperatively and when given immediately after cardiovascular incidents such as stroke. Solutions containing ATP were alternated with ATP-free solutions. Slope conductance (G) in the presence of the drug is expressed as a fraction of the slope conductance in its absence (G c ). The dotted lines and solid lines are the best fit to the data using the modified Hill equation (Eq. 1). Numbers (N) are given above the data points. *P Ͻ 0.05 compared with same ATP concentration in the absence of xenon.
